We predict the existence of a new ferromagnetic shape memory alloy Ga 2 MnNi using density functional theory. The martensitic start temperature (T M ) is found to be approximately proportional to the stabilization energy of the martensitic phase (δE tot ) for different shape memory alloys. Experimental studies performed to verify the theoretical results show that Ga 2 MnNi is ferromagnetic at room temperature and the T M and T C are 780 K and 330 K, respectively. Both from theory and experiment, the martensitic transition is found to be volume conserving that is indicative of shape memory behavior.
I. INTRODUCTION
Ni 2 MnGa exhibits both ferromagnetism and shape memory effect, and is a promising candidate for technological applications because of its high actuation frequency compared to conventional shape memory alloys.
1 The unusually large strain caused by a moderate magnetic field (10% at 1 Tesla) 1 and the observation of giant magnetocaloric effect 2 and large negative magnetoresistance 3 in Ni 2 MnGa have started intense research activity in ferromagnetic shape memory alloys (FSMA). However, a major drawback of Ni 2 MnGa is its brittleness. So, the present challenge in FSMA research lies in the search for new materials that have magneto-mechanical properties superior to Ni 2 MnGa, and preferably having high martensitic start temperature (T M ) and Curie temperature (T C ). In recent past, different groups have attempted to find FSMA materials with properties superior to Ni 2 MnGa.
Takeuchi et al. have studied a range of compositions in the Ni-Mn-Ga phase diagram and found that the martensitic transition temperature decreases as the magnetization increases.
4
Although martensitic transition and inverse magnetocaloric effect have been reported recently in non-stoichiometric compositions of Ni-Mn-Sn, Ni-Mn-In, Ni-Co-Mn-In, Here, using spin-polarized, full potential ab initio density functional theory, we establish a method to estimate the martensitic structural transition temperature and predict possible existence of a new FSMA Ga 2 MnNi. A tetragonal martensitic phase with c/a= 0.83 is found to be lower in total energy (E tot ) compared to the cubic austenitic phase. The martensitic phase total energy is lower by 55 meV/atom (=δE tot , i.e. the stabilization energy, which is the difference of E tot between the austenitic and martensitic phases is 330 K. X-ray diffraction (XRD) shows that the structure is monoclinic with b≈ 7×a, indicating the existence of modulation and hence, the possibility of magnetic field induced strain. Both from experiment and theory, we find that there is hardly any unit cell volume change across the martensitic transition, and this is strongly indicative of shape memory behavior.
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II. METHODOLOGY
The ab-initio relativistic spin-polarized full-potential-linearized-augmented-plane-wave (FPLAPW) method calculations were performed using WIEN97 code 26 with the generalized gradient approximation for exchange correlation. An energy cut-off for the plane wave expansion of 16 Ry is used (R M T K max = 9). The cut-off for charge density is G max = 14. The maximum l (l max ) for the radial expansion is 10, and for the non-spherical part: l max,ns = 4.
The muffin-tin radii are Ni: 2.2488, Mn: 2.3999, and Ga: 2.2488 a.u. The number of k points for self-consistent field cycles in the irreducible Brillouin zone is 413 and 1063 in the austenitic and martensitic phase, respectively. E tot consists of the total kinetic, potential and exchange correlation energies of a periodic solid. 27 The convergence criterion for the total energy E tot is 0.1 mRy, which implies that accuracy of E tot is ±0.34 meV/atom. The charge convergence is set to 0.001. The tetrahedron method for the k-space integration has been used. 
III. RESULTS AND DISCUSSION
A. Theoretical studies using FPLAPW method
The positions of the atoms in the cubic austenitic phase of Ga 2 MnNi are determined from the E tot calculations in the L 2 1 cubic structure that consists of four inter penetrating f.c.c. meV/atom compared to the inequivalent Ga structure (tick), unambiguously denoting the former to be the stable structure of Ga 2 MnNi in the austenitic phase. The E tot minimum (arrow) is at a= 11.285 a.u. (5.96Å) with the unit cell volume of 1437 a.u. 3 (Fig. 1c) .
Furthermore, the formation energy of Ga 2 MnNi is calculated by E tot (Ga 2 MnNi)-2×E tot (Ga)- The martensitic transition involves a structural transition from cubic to a lower symmetry phase with decreasing temperature. In order to study this phase transition in Ga 2 MnNi, our strategy is to calculate E tot as a function of a volume conserving tetragonal distortion by varying c/a. As c/a is increased from the cubic value of unity, E tot increases (Fig. 1c) . On the other hand, for c/a<1, E tot initially decreases and a minimum is obtained at c/a= 0.83 (dashed tick). In the next step to reach the global E tot minimum in the martensitic phase, the unit cell volume is varied keeping c/a fixed, and the minimum is obtained at the unit cell volume of 1435.8 a.u. 3 with a= 12.004, c= 9.964 a.u. (Fig. 2a, dashed 
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From the above data, a correlation emerges between δE tot and T M . Conceptually, this is understandable since larger δE tot implies higher stability of the martensitic phase at zero temperature. A first order transition to the austenitic phase would occur when with increasing temperature, the martensitic phase energy (defined by the energy minimum in Fig. 2a) would increase to reach the energy minimum for the austenitic phase. This means with increasing temperature, to undergo the martensitic transition, the energy of the martensitic phase has to overcome δE tot and this would be directly related to In Fig. 2b , T M versus δE tot for all the shape memory alloys discussed above are plotted; (Fig. 2b) . Since the Ni-Mn-X (X= Ga, In, Al) FSMA's are different from TiX, a separate straight line is fitted. The quality of the fit is similar to TiX; except for data around 200 K. This is possibly because of the existence of modulated structures this T M range, which is not considered in theory. From the fitted line, T M for Ga 2 MnNi is estimated to be about 570 K (filled circle), corresponding to its δE tot = 55 meV (Fig. 2b) .
It is generally believed that T M would increase with the valence electron per atom ratio (e/a). However, this relation is of limited applicability and breaks down in many cases:
for example, Ni 2 MnGa, Ni 2 MnIn and Ni 2 MnAl all have the same e/a (= 7.75), but only
Ni 2 MnGa exhibits a martensitic transition. TiX (X= Ni, Pt, Pd) has the same e/a (= 6.5), but their T M is very different. In Ni-Mn-Ga-In, although e/a is same, T M changes. 9 For Ni 2−x Mn 1+x Ga between x= 0.25 to 1, we find that as e/a decreases from 7.31 to 6.75, T M increases from 37 to 270 K. 13, 30 For the alloys shown in Fig. 2b , the absence of any correlation between T M and e/a is shown as an inset. In contrast, the present approach explains all the above observations. For example, δE tot decreases from 3.6 meV/atom to zero between Ni 2 MnGa and Ni 2 MnIn, which explains the decrease in T M with In doping and the absence of a martensitic transition in Ni 2 MnIn. Higher δE tot in Mn 2 NiGa rationalizes why its T M is higher than Ni 2 MnGa, although its e/a (= 6.75) is lower. Thus, the proportionality of T M with δE tot is of more general validity, since it has a theoretical foundation that involves all electron ab-initio calculations, unlike the phenomenological relation between T M and e/a.
In fact, this approach to determine the transition temperature should be applicable to any first order structural transition.
B. Experimental studies
Differential scanning calorimetry on polycrystalline ingots of Ga 2 MnNi shows a clear signature of a first order martensitic transition with T M = 780 K and austenitic start temperature (A s ) of 790 K (Fig. 3a) . The experimental T M is considerably higher than the theoretically predicted value, and a possible reason is discussed below. The latent heat of the transition turns out to be about 2.35 KJoule/mole, which is similar to that reported for Ni excess Ni-Mn-Ga, for example, Ni 2.24 Mn 0.75 Ga. 28 The difference in the width of the heating and cooling thermograms could be related to the kinetics of the structural transition. EDAX measurements from different regions of 30µ×30µ area as well as the back scattered image show that the specimen is homogeneous. The average composition turns out to be Ga 1.9 Mn 1.08 Ni 1.02 . In agreement with theory, the isothermal M − H curve at 2.5 K shows that Ga 2 MnNi is indeed ferromagnetic (Fig. 3b) . The hysteresis loop is not clearly observed because the coercive field is small (≈25 mT). Such small coercive fields have been reported for other Ni-Mn-Ga alloys. 14, 31 The saturation field is 1 T and the saturation moment is 1 µ B /f.u. M(T ) at low field gives T C = 330 K (arrow, Fig. 3c ). This implies that the martensitic transition occurs in the paramagnetic state and expectedly M(T ) shows no change across T M . If should be noted that the saturation moment of 1 µ B /f.u. is less than the theoretically calculated moment of about 3 µ B /f.u. The reasons for this disagreement could be that the actual sample has Mn excess, which might cause Mn clustering leading to antiferromagnetic coupling between Mn atom pairs, as has been observed for other Mn excess systems. 22, 32, 33 Moreover, note that the theory does not consider the actual monoclinic structure (discussed below) which might favor a different magnetic ground state with anti-parallel coupling between Mn atoms.
The x-ray diffraction (XRD) pattern corresponding to the austenitic phase has been simulated by the Le Bail fitting procedure, and the structure is clearly cubic L 2 1 . The relative intensity of the (200) peak compared to the (111) peak (shown in an expanded scale in Fig. 3d ) confirms that the Ga atoms occupy the equivalent 8f position, in agreement with theory (Fig. 1) . The experimental lattice constant (a aus = 5.84Å) is close to the calculated value (5.96Å). However, the martensitic phase XRD pattern is more complicated than tetragonal and can be indexed by a monoclinic phase (P 2/m space group) with a= 4.31, b= 29.51 and c= 5.55Å, and β= 90.49. Since b≈ 7×a, a seven layer modulation may be expected, and such structures with monoclinic or orthorhombic symmetry that exhibit modulation has been reported for Ni-Mn-Ga. 34 Magnetic field induced strain has been observed in Ni-Mn-Ga for structures that exhibit modulation.
1 The c/a for this monoclinic cell (that can be compared to the theoretical c/a= 0.83 for the tetragonal structure) is obtained by c/a= 5.55/(4.31× √ 2)= 0.91. Thus, the agreement between experimental and theoretical c/a is reasonable, considering that a simplified structure is used in theory.
However, the most important point is that the experimental unit cell volume of the martensitic phase is within 1% of that of a comparable austenitic cell given by 7×a 3 aus /2. This shows that the unit cell volume hardly changes between the two phases, which is a necessary condition for a shape memory alloy. Thus, a unit cell volume conserving martensitic transition with small width of hysteresis (Fig. 3a) and presence of modulation indicate that Ga 2 MnNi is indeed a FSMA material.
IV. CONCLUSION
The modulated martensitic structure of Ni-Mn-Ga is complicated and a controversy exists even about the structure of the well studied Ni 2 MnGa. 34 Atomic positions have not yet been determined for the monoclinic structure. Under such circumstances, our work is important because it shows that a new FSMA material can be predicted by computing the energy cost of formation of the martensitic phase in a simpler tetragonal structure. The present work demonstrates that a new FSMA material can be predicted by determining the energy stability of a tetragonal martensitic phase with respect to the cubic austenitic phase. This approach is successful because, although the modulated phase involves a large unit cell, the atoms are generally displaced only by a small amount from their positions compared to the tetragonal structure. 34 Since the tetragonal structure is not computationally demanding, precise calculations can be performed for lattice constant optimization in the lowest energy magnetic state. 20, 21, 22 Thus, the total energy difference can be determined with sufficient accuracy and thus T M estimated. However, difference in T M between experiment and theory could occur, as in this case, possibly because the latter does not consider the actual structure.
In this context, it is to be noted (Fig. 2) that a subtle change in δE tot can substantially alter the T M value. Theory thus provides an important starting point for the experimentalists, and experimental inputs can be used to further refine the theory. A direct proof of the FSMA behavior is the movement of twins with magnetic field and the actuation behavior.
So, further work on the magneto-mechanical behavior of Ga 2 MnNi is in progress. Prediction of new materials in the quest for better properties is the need of the hour in FSMA research and the present work aims towards that. 
